ABSTRACT This paper addresses a circuit theory regarding the negative group delay (NGD) principle. The methodology for characterizing this unfamiliar NGD function is described. The basic NGD topology under study is typically an active cell composed of an RF low-noise amplifier (LNA) and an RL-series passive network. It acts as a low-pass NGD topology. The family of the bandpass NGD cell is identified from the low-pass to the bandpass transform. The NGD circuit theory under study is essentially built with the S-parameter approach. The main characteristics of the proposed NGD topology and properties of the NGD level, cut-off frequencies or bandwidth, central frequency, and figure-of-merit are established. The NGD cell is synthesized using the LNA S-parameter model. A method for designing the low-and bandpass NGD cells as a function of the specified NGD values is presented. The NGD cell parameter calculations as functions of the expected NGD level, insertion loss, and reflection coefficient are introduced. Proof-ofconcept NGDs are synthesized, designed, simulated, and fabricated to understand and validate the proposed NGD low-pass and bandpass functions. As expected, low-pass and bandpass NGD aspects are obtained. The low-pass NGD circuits present an NGD level of approximately −5 ns over the bandwidth fc = 25 MHz. Next, bandpass NGD circuits were synthesized to operate at approximately 0.5 GHz over the bandwidth f = 50 MHz with an NGD level of approximately −10 ns. The measured results of the low-pass and bandpass NGD are in good agreement with the theoretical prediction obtained with simple lumped circuits. Different applications of the unfamiliar NGD function are described.
I. INTRODUCTION
Since the 1990s, the negative group delay (NGD) phenomenon has been investigated theoretically and experimentally using low-frequency and RF/microwave electronic circuits [1] - [6] . In this period, the intriguing phenomenon was independently studied in two different manners. In one manner, the NGD function was synthesized using passive microwave circuits [1] - [2] . In the other manner, the NGD active circuits operating at very low frequencies below megahertz were identified [3] - [5] ; these low frequency NGD circuits, which are constituted by classical components of R, L, C and an operational amplifier [3] , were inspired by an atomic medium at optical wavelengths [6] . The NGD effect was initially observed in the propagation media presenting anomalous dispersion [7] , [8] . It was noted that the NGD effect is generated in an abnormal media frequency band presenting a negative refractive group index n g (ω) as a function of the angular frequency ω or the wavelength [9] . Because of the dispersion, this refractive group index can be negative at certain wavelengths. Moreover, the group velocity v g (ω) can also be negative, as analytically illustrated by v g (ω) = c n g (ω) (1) where c is the speed of light in a vacuum. In other words, when using a propagation medium with geometrical length d, the group delay, defined as
can also be negative. Because of the wave reshaping or the combination of the constructive and destructive interferences at the edge of the abnormal dispersive passive medium, the NGD phenomenon is systematically accompanied by significant losses at microwave wavelengths [10] , [11] . The NGD phenomenon was classified among the abnormal physical phenomena as the superluminal signal propagating in a medium with anomalous dispersion [7] - [12] . It was concluded from various experimental results that the NGD phenomenon introduces the possibility to generate an output signal with wave fronts propagating in advance of its input under certain conditions [13] - [15] . Opposite to the classical ordinary structure, in the case of NGD media, the time delay can be assumed as negative [13] - [15] . Note that this NGD effect does not violate the causality principle [4] , [5] .
The first tentative application of the NGD function for signal delay cancellation was proposed in 2002 [16] . However, because of the NGD bandwidth limitations to some hundred kilohertz, the possibility of applications was technically restrained and was not successful. This limitation explains the main interest in developing NGD circuits capable of operating at RF and higher frequencies. Microwave NGD passive circuits based on resonant filter topologies presenting absorption phenomena have been identified [17] , [18] . As a result, the applications of NGD passive circuits remained limited before the middle 2000s. During the same period, other NGD circuits, inspired by left-handed metamaterial structures, were also identified [19] - [21] . With metamaterial-based NGD circuits, the time-advance aspect was experimentally studied in the time-domain at microwave wavelengths [21] . More recently, NGD-distributed microwave circuits have been developed with coupling effects [22] - [24] . However, the passive NGD circuits are systematically absorbing or exhibit outstanding reflections that limit the application possibilities.
To overcome this limitation, active microwave topologies with NGD effect were developed [25] - [31] . First, a design method for enhancing the feedforward amplifier with NGD function was proposed. However, the circuit is dedicated only to the feedforward configuration application and cannot be generalized as an elementary NGD cell. Then, simpler topologies based on the RF/microwave transistors have been developed [27] - [31] . It was emphasized in [32] that the NGD values are a limited function of the topology parameters. A methodology to identify elementary field effect transistor (FET)-based NGD topologies has been introduced [34] . It was also emphasized that the intriguing NGD function presents similar behaviors to those of the classical NGD filter [30] . The electronic circuit NGD bandwidth can be defined as the frequency bands where the group delay is negative. Different types of NGD aspects, such as lowpass and band-pass NGD circuits, have been categorized [30] . Note that because of the transistor access-matching difficulties, the complexity of the biasing networks and the output voltage sign inversion compared to the input is found with certain NGD topologies, as proposed in [24] . In other words, somehow, the use of transistors is increasingly sophisticated. To avoid the complexity of a bias network and the issues related to the matching level, the replacement of the transistor by an integrated low noise amplifier (LNA) was introduced in [34] and [35] for the base band applications. The other reason that the LNA is used to replace transistor is that the first stage of the circuit is a high-loss structure. Its noise characteristics may not be good. The LNA helps to reduce the noise figure of the whole circuit. Despite this trend of the NGD theory democratization and exploration of applications, various methods of exploring the NGD concept are still required for further understanding through academic and industrial perspectives. An alternative method to design NGD active RF/microwave circuits involves replacing the FET with an LNA. This alternative can be a solution for access matching, stability and bias circuit simplification. This aspect can be significantly important for the design simplicity.
In the present paper, an easy-to-understand circuit theory of the NGD principle with an LNA-based cell is introduced. To build the theory, the LNA component is modeled by the touchstone S-parameter. This basic theoretical approach contains the basic principle and analysis that allows the NGD concept to be familiar to electrical engineering students, researchers and industries. A simple low-pass topology consisting of an RL series passive network is developed. It acts as a first-order circuit. The cell can be investigated similarly for any electrical familiar function. The generality regarding the basic topology will be introduced in Section 2. The NGD analysis is focused on the family of shunt impedance type cells. Section 3 analytically develops the NGD characterization. The microwave circuit theory under study is essentially focused on the basic NGD properties and synthesis methodology. Next, by considering the familiarly known low-pass to band-pass circuit transform in filter theory [30] , the associated band-pass NGD cell is investigated. The proposed NGD principle is verified with simulations and experimental results in Section 4. Simulation validations of the LNA-based lumped circuits will be described. Section 5 is the conclusion.
II. THE GENERAL ACTIVE CIRCUIT TOPOLOGY UNDER STUDY
A description of the general topology under study is provided in this section. The proposed circuit theory is essentially built 33850 VOLUME 6, 2018 with an S-parameter modeling approach. The NGD principle is introduced with the analytical characterization.
A. BASIC TOPOLOGY
The present subsection generally describes the elementary active microwave circuit topology to be investigated. As noted in [34] and [35] , the basic topology consists of an LNA associated with a simple two-port passive network. The simplest passive network of parallel impedance, denoted Z p , is considered. Note that the analytical calculation will be developed with the LNA S-parameter model defined by
with the real variables r and t (which are the LNA access reflection coefficient and the insertion gain, respectively) assumed to be independent of frequency in the operating frequency band. The aim of the active circuit is to compensate for the NGD circuit loss. This compensation is very important for the time domain demonstration to clearly show the feasibility of the time advance aspect. This aspect can be visualized both with time domain simulations and timedomain measurements.
B. SHUNT IMPEDANCE-BASED TOPOLOGIES UNDER STUDY
The shunt impedance-based active cells investigated in the present paper are introduced in Fig. 1 . The three considered configurations depend on the position of the passive network placed upstream or downstream of the LNA. Note that Z 0 represents the reference impedance equal to 50 . Acting as a cascaded circuit configuration, the analytical calculations of the S-parameter can be obtained from the total circuit transfer matrix. According to the circuit and system theory, the total transfer matrix is equal to the noncommutative product of the cascaded constituting cells that are represented by the impedance and the LNA in the present case. By applying the S-parameter theory, the following expressions have been established: -For the parallel impedance-based cell with LNA inserted downstream, as presented in Fig. 1(a) :
-For the parallel impedance-based cell with LNA inserted upstream, as presented in Fig. 1(b) :
-For the parallel impedance-based cell with LNA inserted both up-and down-stream, as presented in Fig. 1 
(c):
The proposed topology isolation parameters S 12 = 0 because of the LNA unilaterality.
C. PRINCIPLE OF NGD ANALYSIS
By denoting jω as the circuit angular frequency variable, according to the circuit and system theory, recall that the group delay is defined by
where
is the transmission phase in radians. This last expression shows that our impedance cannot be a frequency-independent component, such as a simple resistor. In other words, to generate non-zero group delay, a reactive element-based circuit is necessary. As a result, we examined different configurations of first-order RL-series parallel networks. Based on the RF/microwave engineering, the main circuit parameters are basically the access matching and the insertion loss (for the passive circuits) or the insertion gain (for the active circuits). Those parameters are still under consideration in the VOLUME 6, 2018 present study. In addition, we are also considering the group delay defined in equation (7). The NGD characterization described in this section is mainly obtained from the analytical expression of the S-parameters and group delay at very low frequencies, when ω ≈ 0. The low-pass NGD characteristics can be determined with the following parameters: The NGD level is analytically defined as τ (ω ≈ 0) = τ (0). The NGD cut-off angular frequency ω c corresponds to the root of the equation τ (ω c ) = 0. Both parameters can be integrated in the unified NGD figure-of-merit (FoM), which is defined by
The better the NGD circuit, the higher the FoM is.
D. NGD MICROWAVE CIRCUIT DESIGN METHOD
The microwave circuit theory enabling the design of low-pass and band-pass NGD circuits based on the familiar electronic components R, L and C will be presented in the two next sections. After exploring the existence of the NGD effect with two lumped element-based passive topologies, the possibility of compensating for the loss by inserting an LNA in the cascade with the passive NGD network will be investigated. The theoretical characterization of the obtained active circuit will be described. As will be described, to compensate for the NGD passive circuit loss attenuation A < 1, we can simply insert an LNA with gain equal to the following:
At the end of each step, synthesis expressions facilitating the calculation of the NGD circuit parameters as a function of the NGD specifications will be formulated.
III. NGD ANALYSIS OF THE RL-PASSIVE NETWORK-BASED ACTIVE CELL
The analytical identification performed in [29] states that the following is the only configuration for a first-order or lowpass NGD circuit associated with the parallel impedance configuration is an RL-series network:
Using the LNA model defined in equation (3), the characterization and synthesis methods will be analytically developed.
A. LOW-PASS CELL WITH LNA Fig. 2 represents the configurations of the RL-series parallel passive network. These cells are low-pass NGD elementary circuits. According to (4) , (5) and (6), these cells generate similar reflection and transmission coefficients. However, only the cell shown in Fig. 2(c) enables the control of both the input and output reflection coefficients. The remainder of this paper is focused on the case of a cell with up-and downstream RL-network configurations. 
1) FREQUENCY-DEPENDENT S-PARAMETER AND GROUP DELAY
The S-parameter model of the cell shown in Fig. 2 (c) can be deduced from the general expression established in (6) . Substituting Z p with the expression introduced in (11), the following expression is obtained as a function of the parallel impedance-based cell with LNA parameters (12) , as shown at the bottom of the next page.
2) NGD CHARACTERIZATION AND PROPERTIES
At very low frequencies, the S-parameters of the parallel impedance-based circuit become:
The associated group delay is given by:
According to the group delay expressed in equation (14), the passive cell introduced in Fig. 2(c) behaves as a low-pass NGD circuit. In addition to the previous characteristics, one of the most important properties of the NGD cell is the NGD cut-off frequency denoted ω pc , which can be assumed as the root of equation τ pl (ω pc ) = 0 and is given by:
Based on the above discussion, we can determine the NGD FoM by the following relation:
It can be underlined that in this case, the NGD FoM is inversely proportional to the resistance R.
3) NGD SYNTHESIS METHOD
The synthesis method consists merely of the calculation of the NGD circuit parameters as a function of the following: -NGD level τ 0 , which is inversely linked to the NGD bandwidth -Insertion loss or insertion gain -Reflection coefficients In other words, we assume that the desired gain g >0 and group delay τ 0 , which is assumed to be negative, are known. Analytically, the synthesis formulas are generated from the following equations:
As argued previously, the synthesis formulas are merely the roots of previous equations (13) and (14) . For the parallel impedance-based cell, after calculations, we obtain the expressions of R and L associated with the RL-series cell. The synthesis relations for this low-pass NGD cell are as follows:
It can be understood from equation (18) that the synthesized resistance is realistic only if the existence condition g < t is respected. Based on these synthesis formulas, the reflection coefficient can be rewritten as a function of the desired gain as follows:
Note that the resistance synthesis relation can also be extracted from the desired access matching S 11 (0) = m.
B. BAND-PASS NGD ELEMENTARY CELLS
Similar to the filter theory, the band-pass NGD cells can easily be synthesized from the low-pass ones via the lowpass to band-pass transform [28] . The present subsection is focused on the NGD characteristics of the band-pass NGD cells associated with the previous cells. In this case, to synthesize the associated band-pass NGD cell, we simply need to replace the inductance L with an LC-series network. The associated capacitor can be calculated from the inductance and the expected NGD center angular frequency, which is denoted as ω 0 . Therefore, we have the capacitor synthesis formula: Fig. 3 represents the configuration of the RLC-shunt network-based band-pass NGD elementary cells corresponding to the low-pass NGD cells shown in Fig. 2 . 
1) NGD CHARACTERIZATION AND PROPERTIES
By applying the S-parameter theory, we obtain the transmission gain, reflection coefficient and group delay. For NGD band-pass active cells, the associated S-parameters at the center frequency are expressed as follows:
2) NGD SYNTHESIS METHOD Similar to the previous paragraph, the synthesis formulas of the active cell can be obtained from equations (22) and (23) .
For the considered parallel impedance-based cell, the expressions of Rand L associated with the RL-series cell can be determined analytically. The synthesis relations for this bandpass NGD cell can be expressed by functions of the resistance and inductance suggested in equations (18) and (19):
IV. SIMULATION AND MEASUREMENT RESULTS
The present section is focused on the illustrative feasibility of the low-pass and band-pass NGD functions with the previously introduced topologies. The proof-of-concept (POC) circuits are constituted by a low-pass NGD circuit based on the RL-series parallel network with its band-pass circuit family with an RLC-parallel network.
A. DESCRIPTION OF THE POC CIRCUIT PARAMETERS
The proposed POC circuits were designed with the surface mounted monolithic LNA LEE-9+ from mini-circuits. During the calculation, we assume that the LNA is specified by the transmission gain t = 8.5 dB and input/output reflection coefficient average value r = −22 dB. The considered NGD circuits were biased with V 0 = 5V DC power supply. In addition to the NGD circuit RF part, the bias network includes self-inductance L = 75 nH and C p = 100 pF. The DC blocking capacitors are C = 100 pF. As can be understood in the previous theory of Section 3, the NGD circuit under study can be designed similarly to classical and familiar electronic RF and microwave circuits. The POC-modeled computed results are compared with simulations run in the ADS R environment of the electronic circuit designer and simulator. The proposed S-parameter simulations were performed from DC to 1 GHz. Comparisons of the S-parameter between the circuits integrating the ideal LNA model (defined in equation (3)) and touchstone S-parameter model provided by the manufacturer are presented. The obtained simulation results will be explored in the next paragraphs. Table 1 summarizes the synthesized parameter of the shunt impedance-based low-pass cell introduced in Fig. 2(c) and the associated band-pass cell introduced in Fig. 3(c) . The bandpass circuit was synthesized to operate at the center frequency f 0 = 0.5 GHz.
B. SYNTHESIS APPROACH

C. LOW-PASS NGD CELL VALIDATIONS
The synthesis of the proposed low-pass NGD circuit based on the shunt impedance-type circuit shown in Fig. 2(c) is targeted to the specifications g =0 dB and τ (0) = −5 ns. Fig. 4 represents the comparison between the simulated and measured S-parameters obtained from the shunt impedancebased low-pass NGD circuit configured in Fig. 2(c) . The ideal and real model-based LNA simulations are very wellcorrelated. The transmission gain shown in Fig. 4(b) is higher than 0 dB, with flatness of approximately 2.5 dB from DC to 25 MHz. The reflection coefficients exposed in Figs. 4(a) and 4(c) are slightly better than 10 dB. Fig. 2(c) . Despite the discrepancies and parasitic effects of the real LNA-based group delay, a good correlation between the ideal and real LNA based circuits is confirmed. The low-pass NGD function is emphasized by the occurrence of NGD at very low frequencies up to the cut-off frequency of about f c = 25 MHz and positive group delay when the frequency is higher than fc. As expected, low-pass NGD level of approximately −5 ns is obtained. The NGD bandwidth is realized from DC to approximately 25MHz.
D. BAND-PASS NGD CELL VALIDATIONS
The synthesis of the proposed band-pass NGD circuit based on the shunt impedance-type circuit shown in Fig. 3(c) is FIGURE 5 . Group delays of low-pass circuits shown in Fig. 2(c) .
targeted to the specifications g = 0 dB and τ (f 0 ) = −10 ns. Fig. 6 introduces comparisons between the ideal and real LNA-based NGD circuit S-parameters from the circuit shown in Fig. 3(c) . As expected, transmission gain above 0 dB is realized in addition to the reflection coefficient better than 10 dB. FIGURE 6. S-parameters of band-pass NGD circuits shown in Fig. 3(c) . Fig. 7 displays the group delays of the circuit shown in Fig. 3(c) . The ideal and real LNA-based NGD circuit simulations are realized. As expected, a typical band-pass NGD behavior centered at f 0 = 0.5 GHz is obtained. The NGD bandwidth is equal to f = 2f c .
E. EXPERIMENTAL VALIDATION RESULTS
Photographs of the fabricated NGD circuits are shown in Fig. 8 . The circuits are printed on FR4 epoxy dielectric substrate. The substrate presents thickness h = 1.6 mm, FIGURE 7. Group delays of band-pass NGD circuits shown in Fig. 3(c) . relative permittivity ε r = 4.4 and dissipation factor tan(δ) = 0.12 and t = 35 µm thick copper cladding. The metallization conductivity is σ = 58 MS/m.
The fabricated circuit parameters are addressed in Table 2 . The relative tolerances of the resistor and capacitor fabrication are of approximately 5 %. The relative tolerance of the inductor is 10 %. The fabricated circuit prototypes present a physical size of 44.5 mm × 22.5 mm. The experimental validation of the proposed lowpass NGD and band-pass NGD is carried out using VOLUME 6, 2018 S-parameter measurements. The S-parameter measurements are completed using a Vector Network Analyzer (VNA) from Rohde &Schwarz (ZNB 20, frequency band 100 kHz to 20 GHz).
Comparisons between the simulation and measurement results are shown in Fig. 9 and Fig. 10 for the prototypes of the low-pass NGD and band-pass NGD, respectively. As the values of the optimized components may not exist in the real world, the closest nominal value components are chosen. As a result, we observe differences between the simulations and measurements, especially around the center frequency. The measured results correspond to the low-pass NGD, gain = {0 dB}, level τ 0 = {−5ns} and the associated band pass NGD. Nevertheless, the measurement frequency responses are considered to be in good agreement with the simulated NGD frequencies, level and bandwidth. The obtained results clearly validate the low-pass and bandpass NGD functions under investigation. The relative inaccuracies between the measurements and the simulations are better than 5% (τ 0 is 10% in the band-pass NGD).
The proposed band-pass NGD prototype characteristics are compared with the existing circuits proposed in [20] , [23] , [29] , and [33] . Ass summarized in Table 3 , the introduced NGD circuit presents a possibility to generate the most significant NGD absolute value. In addition to the design simplicity, it enables also to avoid the inherent losses. [20] , [23] , [29] , [33] .
However, the NGD bandwidth is lower compared to the notably to the passive NGD circuits [20] . This bandwidth can be envisaged with cascaded several NGD cells.
V. CONCLUSION
A microwave circuit theory on the active NGD elementary RF cells was developed. An NGD cell based on the constituting shunt impedance configuration and LNA was explored. The general principle of the NGD analyses was presented. The principle was applied to the NGD circuit family. The analytical principle was established using the S-parameter model. The meaning of low-pass and band-pass NGD functions was illustrated. The main properties of the NGD circuits were developed. The synthesis method enabling the calculation of the NGD circuit parameters was proposed as a function of the specified NGD level and the transmission gain. The theoretical approach was validated with the two types of topologies. Low-pass and band-pass NGD circuits were designed and simulated. As expected, the measurement results and simulation results were found to be in very good correlation with the theoretical prediction. The NGD circuits satisfy all the criteria of RF/microwave circuits. He is currently an Associate Professor with the Graduate Engineering School, ESIGELEC, IRSEEM, Rouen, France. He is a pioneer of the negative group delay RF/analog and digital circuits, and systems. He has (co)-authored over 200 papers and is regularly involved in national/international research projects. He co-supervised and directed nine Ph.D. students and six Ph.D. candidates. He participates regularly in large research and development international projects. His research interests cover microwave circuit design, electromagnetic compatibility and interference, and signal and power integrity engineering. His current publication h-index is 16 (Reference: Google Scholar 2017).
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